Early events in the retroviral replication cycle include the conversion of viral genomic RNA into linear double-stranded DNA. This process is mediated by the reverse transcriptase (RT), a multifunctional enzyme that possesses RNA-dependent DNA polymerase, DNA-dependent DNA polymerase, and RNase H activities. In the course of studies of a recombinant RT of human immunodeficiency virus type 1 (HIV-1), we observed an additional, unexpected activity of the enzyme. The purified RT catalyzes a specifiC cleavage in HIV-1 RNA hybridized to tRNALYS, the primer for HIV-1 reverse transcription. The cleavage at the primer binding site (PBS) of HIV RNA is dependent on the double-stranded structure of the HIV RNA-tRNALys complex. This RNase activity appears to be distinct from the RNase H activity of HIV-1 RT, as the substrate specificity and the products of the two activities are different. Moreover, Escherichia coli RNase H and avian myeloblastosis virus RT are unable to cleave the IIV RNAtRNALYs complex. We refer to this unusual activity as RNase D. Two lines of evidence indicate that the specific RNase D activity is an integral part of recombinant Hil RT. The specific RNase D activity comigrates with the other RT activities, DNA polymerase, and RNase H upon filtration on a Superose 6 gel column or chromatography on a phosphocellulose column. Moreover, three recombinant HIV-1 RT preparations expressed and purified in different laboratories by various procedures exhibit RNase D activity. Sequence analysis indicated that RNase D activity cleaves the substrate HIV-1 RNAtRNALYS at two distinct sites within the PBS sequence 5'-UGGCGCCCGA | ACAG I GGAC-3'. The sequence specificity of RNase D activity suggests that it might be involved in two stages during the reverse transcription process: displacement of the PBS to enable copying of tRNALS sequences into plus-strand DNA or to facilitate the second template switch, which was postulated to occur at the PBS sequence.
polymerase, and RNase H upon filtration on a Superose 6 gel column or chromatography on a phosphocellulose column. Moreover, three recombinant HIV-1 RT preparations expressed and purified in different laboratories by various procedures exhibit RNase D activity. Sequence analysis indicated that RNase D activity cleaves the substrate HIV-1 RNA- tRNALYS at two distinct sites within the PBS sequence 5'-UGGCGCCCGA | ACAG I GGAC-3'. The sequence specificity of RNase D activity suggests that it might be involved in two stages during the reverse transcription process: displacement of the PBS to enable copying of tRNALS sequences into plus-strand DNA or to facilitate the second template switch, which was postulated to occur at the PBS sequence.
The reverse transcriptase (RT) of human immunodeficiency virus (HIV), like the enzyme of other retroviruses, exhibits several activities: RNA-and DNA-directed DNA synthesis (1) (2) (3) , RNase H (4, 5) , and tRNALYS binding (6, 7) . These well-characterized activities participate in various stages of double-stranded proviral DNA synthesis. The synthesis of the first strand, minus-strand DNA, is primed by a tRNALYS of cellular origin hybridized to the viral genomic RNA at a complementary sequence of 18 nucleotides, the primer binding site (PBS) (8) . Synthesis of the plus-strand DNA is primed by an oligoribonucleotide of virus origin hybridized to the nascent minus-strand DNA, which now serves as a template (9, 10) . To produce a proviral DNA with two long terminal repeats, the enzyme has to switch templates at two stages of the reverse transcription process: during synthesis of minusstrand DNA the enzyme jumps from the 5' end to the 3' end of the RNA template and, to complete synthesis of the double-stranded proviral DNA, the enzyme switches templates at the region of the PBS. While the general scheme of reverse transcription is known, details of specific steps, such as template switching, are still missing (5, 8) . In an endogenous reaction mixture containing detergent-disrupted virions, synthesis of a full-length proviral DNA with two long terminal repeats can be detected. It is not clear, however, whether auxiliary viral proteins other than RT are involved in the various steps of the reverse transcription reaction. To study the initiation and synthesis of the proviral DNA, we have constructed a system with recombinant RT and HIV-1 RNA-tRNALYs template-primer complex, which resembles the initiation complex utilized by the RT. During these studies, we noticed that HIV-1 RT cleaves specifically at the viral RNA PBS sequence. We propose that this newly described activity may be important in the reverse transcription process. and phenol/chloroform extracted, and RNA was ethanol precipitated and purified by electrophoresis on 7 M urea/6% polyacrylamide denaturing gel (14) . ptRNALYS was transcribed with T7 RNA polymerase (15) . The reaction mixture was treated with DNase I, and RNA was extracted with phenol/chloroform followed by ethanol precipitation and subjected to electrophoresis on a denaturing gel (14) .
MATERIALS AND METHODS
For complex preparation, purified HIV 
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The sequence of RNA fragments after RNase D reaction was determined by DNA primer extension (14) with a 17-mer 32P-labeled 5'-GCCGAGTCCTGCGTCGA-3', complementary to the 3' end of the HIV-1 RNA ( Fig. 1 ) and avian myeloblastosis virus (AMV) RT (IBI). DNA products were analyzed by electrophoresis on a 6%o polyacrylamide sequencing gel (14) . A DNA sequence ladder of HIV was generated with the same 32P 5' primer and dideoxynucleotides (14) on DNA plasmid (pHIV).
of the HIV-1 genome (R-U5-PBS) hybridized to a synthetic primer tRNALYS (Fig. 1 ).
It should be noted that the synthetic tRNALYS is unmodified; however, it does not differ from the authentic tRNALYS in its ability to bind HIV RT and to initiate minus-strand DNA synthesis (18) .
The recombinant HIV-1 RT was produced in E. coli and purified by four consecutive column steps to apparent homogeneity. The HIV RT consists of two subunits, 66 and 51 kDa, as reported before (16, 19) . The DNA polymerasespecific activity of this enzyme is similar to that of other purified HIV RT preparations (16, 19) . The RT preparation is free of nonspecific RNase activities as incubation with HIV
[32P]RNA single strand does not result in detectable degradation (Fig. 2, lanes 1 and 2) . Surprisingly, we noticed that incubation ofHIV RT with the template RNA annealed to the primer tRNALYS resulted in a unique cleavage (lanes 3-5).
The size of the two RNA products, -200 and -60 nucleotides, suggests that cleavage occurs at the PBS sequence hybridized to tRNALYS and that the degradation products of 200 and 60 bases are derived from the 5' end and the 3' end of HIV RNA, respectively (see Fig. 1A ).
To investigate the origin of this unique RNase activity, we have obtained purified HIV RT preparations from two groups (16, 19) . These two recombinant RTs were expressed and purified to apparent homogeneity by different procedures. The enzyme expressed by Mizrahi et al. (19) was processed in the bacterium by the HIV-1 coded protease. Thus, the purified enzyme is a heterodimer p66/pSl identical to RT purified from virions (3). The purified RT produced by Hizi et al. (16) is a dimer of 66 kDa. The three enzyme preparations have similar DNA polymerase specific activity, and they exhibit identical cleavage activity on the HIV RNA-tRNALYs complex (Fig. 2, lanes 6-9) . It (19) . DNA polymerase activities (units) were determined on the three RT preparations with poly(A)/ oligo(dT) (16) . Sizes of RNA fragments (bases) were estimated according to DNA size markers under denaturing conditions. (1992) thesis, the RNA preparations were treated with DNase I and purified by electrophoresis on denaturing polyacrylamide gels. The two RNAs were hybridized and the complex was separated from unhybridized nucleic acid by electrophoresis on nondenaturing polyacrylamide gel (Fig. 1B) . To further exclude the possibility of RNase H activity, the substrate HIV RNA/tRNALYS was incubated with AMV RT or with E. coli RNase H. It is evident from the results presented in Fig.  3A that while HIV RT cleaves the HIV RNA-tRNALYs complex (lanes 1 and 2) , neither AMV RT nor E. coli RNase H possessed the specific RNase activity (lanes 3-6) . In a control experiment, an RNADNA complex was prepared by hybridizing the HIV RNA to a 18-base oligodeoxynucleotides, complementary to the PBS sequence. The three enzymes, HIV RT, AMV RT, and E. coli RNase H, exhibited extensive RNase H activity on the RNA-DNA complex as expected (Fig. 3B) . It is important to note that the smaller RNA product of -60 nucleotides obtained after cleavage of the RNA-tRNALYs substrate (Fig. 3A, lane 2) differs from the degradation product of 70 nucleotides obtained by the RNase H activity on the RNA-DNA substrate (Fig. 3B, lane 2) . The difference between the 3-end-derived RNA products is a reflection of RT enzyme specificities toward the two substrates. All of these results indicate that the unique RNase cleavage of HIV RNA-tRNALYs complex differs from the well characterized RNase H activity of HIV RT.
Next, we investigated whether the specific RNase activity is an integral part of the RT heterodimer. This was done by analyzing the chromatographic profiles of RT protein and the specific RNase on resins that resolve proteins on the basis of molecular mass or charge. As shown in Fig. 4 , purified RT migrates on a Superose 6 gel filtration column as a native protein of -100 kDa. The three activities-DNA polymerase (Fig. 4A) , RNase H (Fig. 4B) , and RNA-tRNALYs cleavage activity, termed RNase D (Fig. 4C) Aliquots (1 IAl; 1:100 dilution) were taken for DNA polymerase activity with poly(A)/oligo(dT) (16) ( Fig. 4D) , the RNase H (Fig. 4E) , and the specific RNase D (Fig. 4F) A control experiment carried out in parallel involved the assay of proteins expressed in a culture of E. coli harboring a mock RT plasmid; i.e., a plasmid lacking a promoter upstream of the RT coding sequence. The mock proteins were purified according to the same procedure used for the recombinant RT. The mock fraction contains small amounts of bacterial proteins that may copurify with RT. This fraction was concentrated 5:1 and an amount of protein (300 ng) equivalent to that used in standard RNase D assays was incubated with the InPIRNA-tRNALYs substrate. No RNase D activity was detected in this protein fraction, giving support to the suggestion that this activity is intrinsic to the recombinant RT. Ideally, one would like to show a correlation between RNase D activity and the RT by using enzyme isolated from HIV virions. However, due to the difficulty in propagating quantities ofvirions, the small amount ofenzyme purified from virions is generally contaminated with nonspecific nucleases. Consequently, the template HIV [32P]RNA as well as the complex HIV RNA-tRNALYs were nonspecifically degraded by HIV RT isolated from detergent-treated virions.
To determine more precisely the sequences at which RNase D cleaves the HIV-1 RNA, standard reaction products were subjected to sequence analysis (Fig. 5) . The RNA products were annealed to oligodeoxynucleotide complementary to the 3' end ofthe 256-base HIV RNA (Fig. 1) . This DNA primer was elongated with AMV RT and the resulting RNase D activity could be detected (see Fig. 2, lane 1) . As expected, addition of the oligodeoxynucleotide primer and AMV RT to this reaction mixture resulted in synthesis of DNA 256 bases long (data not shown).
To learn more about the RNase D activity and its correlation with other RT activities, DNA polymerase and RNase H, an experiment was designed that allowed reverse transcription and subsequent analysis of the RNA template fate.
The 32P-labeled HIV RNA-tRNALYS complex was incubated with HIV RT in the presence or absence of four deoxyribonucleotide triphosphates and the RNA products were subjected to electrophoresis on denaturing gels (Fig. 6) . Two RNA degradation products of -200 bases and 60-64 bases were detected in the absence of DNA synthesis (Fig. 6A) . Addition of deoxynucleotide triphosphates resulted in DNA synthesis and simultaneous degradation ofthe RNA template (Fig. 6B) . While the small RNA fragments (60 and 64 bases) were unchanged in the presence of DNA synthesis, the larger RNA fragment (=200 bases) was diminished. We interpreted these results as follows: the large fragment derived from the 5' end of HIV RNA served as a template for DNA synthesis and, as expected, was degraded by the RNase H activity of RT. In fact, in a similar reaction mixture in which (14) . The DNA products were resolved on a 6% polyacrylamide sequencing gel. Lanes A, C, G, and T, products of dideoxynucleotide reaction with the same 5'-end-phosphorylated 17 Proc. Natl. Acad Sci. USA 89 (1992) another enzymatic activity of HIV RT. (i) The activity is present in several preparations of highly purified HIV RT prepared in three laboratories by different expression and purification procedures. ( ii) The RNase D activity cochromatographed with RT on two different resins-phosphocellulose and Superose 6 gel. The molecular masses, under native conditions, of the heterodimer RT and of the RNase D are similar ('100 kDa). In contrast, the known E. coli nucleases, including RNase III, a double-stranded RNAdependent enzyme, have molecular masses in the range of 10-50 kDa (20) . (iii) The bacterial mock protein fraction purified by the same procedure as RT did not cleave the substrate HIV RNA-tRNALYs.
Our experiments indicate that RNase D activity is distinct from the RNase H of RT in terms of substrate specificity and the sequence at the cleavage site. The two small RNA products (60 and 64 bases) appear to represent two unique endonucleolytic cuts by the RNase D activity as, on a high-resolution sequencing gel, two large RNA products (200 and 196 bases) could also be detected. RNase H activity, on the other hand, functions as both endo-and exonuclease (21) (22) (23) .
The specificity of RNase D activity is indicated by analyzing different substrates. tRNALYS, which represents in the cloverleaf structure a double-stranded RNA region (12 base pairs of the 18 nucleotides complementary to the PBS), is resistant to RNase D cleavage. However, a duplex of tRNALYS hybridized to antisense [32P]tRNALYS, to produce a 76-base double-stranded region, is cleaved by RNase D (data not shown). The substrate for RNase D described here consists of a synthetic tRNALYS, which differs from the authentic tRNALYS (8) in 6 modified bases. Similar cleavage activity was, however, also observed when HIV-1 RNA was complexed to tRNALYS derived from total bovine tRNA (data not shown). The RNase D activity appears to be specific, as AMV RT does not cleave the substrate HIV-1 RNAtRNALYS. Specific retrovirus substrates, AMV RNAtRNA~rP and murine leukemia virus RNA-tRNAPro, are
being prepared now to further analyze the substrate specificity of the RNase D activity. It is interesting to note in this respect that binding of tRNALYS and tRNATmr with their respective HIV RT and AMV RT is species specific (6, 18) .
What is the possible function of RNase D activity in the virus replication cycle? During reverse transcription, after the first template switch, the DNA minus-strand is extended by RT on the genomic RNA template to the 3' end of the PBS sequence (Fig. 7) . The point at which synthesis stalls and the second template switch occurs has not been precisely determined (8) . We propose that cleavage at the PBS sequence introduced by RNase D determines cessation of minus-strand DNA elongation and perhaps facilitates the template switch. Simultaneously with minus-strand DNA elongation, the plusstrand DNA is initiated. This strand is extended by copying the minus-strand DNA and the first 18 nucleotides of the tRNALYS primer (8) . Utilization of tRNALYS as a template for RT should be dependent on its displacement from the PBS sequence of viral RNA. The dissociation of tRNALYS from the RNA structure at the PBS may be facilitated by the cleavages introduced at this sequence by RNase D (Fig. 7) . Thus, RNase D activity may be involved in positioning the two complementary nascent DNA strands, plus and minus, for the second template switch (Fig. 7) . While the second template switch at the PBS site has not been defined yet, it is of interest to note that nicks in the template RNAs induce template switch and recombination events during proviral DNA synthesis (17) .
